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Symmetry Breaking: Scaffold Plays Matchmaker for
Polarity Signaling Proteins
Many cell types can spontaneously polarize even in the absence of specific
positional cues. In budding yeast, this symmetry-breaking polarization
depends on a scaffold protein called Bem1p. A recent study defines Bem1p’s
molecular function during symmetry breaking.
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and David Pellman1,2
Cell polarization and asymmetric cell
division are central mechanisms to
regulate the developmental fate of
dividing cells. Cell polarization can be
guided by internal or external spatial
cues, such as internal landmark
proteins or nearby cells. Polarization
can also occur randomly in the absence
of such cues, by a spontaneous
‘symmetry breaking’ mechanism. Cell
polarization via symmetry breaking
is an example of pattern formation by
amplification of stochastic fluctuations,
an idea first proposed more than
50 years ago by Alan Turing. Budding
yeast has been one of the leading
model systems for the study of
spontaneous polarization because
most, if not all, of the polarity proteins
have been identified and because
gene replacement and GFP-tagging
allow the visualization of the dynamics
of endogenously expressed proteins.
Despite intensive study and
significant progress, key aspects of the
underlying molecular mechanisms
remain poorly understood. A recent
Current Biology article by Lew and
colleagues [1] has unraveled one of
these mysteries: the molecular function
of a scaffold protein called Bem1p.
As in many other systems, cell
polarity in budding yeast is regulated
by the Rho GTPase Cdc42p, a
so-called ‘master regulator’ of cell
polarity [2]. Newly born G1 cells are
round and have an unpolarized actin
cytoskeleton. To form the daughter
cell, or bud, the actin cytoskeleton
and secretory machinery must be
polarized, enabling the directed
transport of vesicles, proteins, and
RNAs to the emerging bud. The key
step in polarizing the cell is to cluster
and activate Cdc42p. In haploid cells,
Cdc42p polarization is biased to occur
adjacent to the previous site of
cytokinesis by cortical landmark
proteins that are interpreted by a
GTPase module containing the
Ras-related GTPase Rsr1p (Figure 1,
top; for review, see [3]).
Symmetry breaking enables cell
polarization in the absence of cortical
landmarks or Rsr1p: active Cdc42p
spontaneously clusters at a single
but randomly located site (Figure 1,
middle). Cdc42p symmetry breaking is
independent of polymerized actin or
microtubules but critically requires the
scaffold protein Bem1p as well as
Cdc42p’s ability to hydrolyze GTP [4].
Subsequent actin polymerization and
vesicle trafficking reinforces the
asymmetric clustering of Cdc42p [5–7].
Without cortical landmarks, BEM1
becomes essential for viability
(Figure 1, bottom). The specific role of
Bem1p in symmetry breaking was not
known. However, it was appealing
to think that Bem1p might contribute
to positive feedback amplification of
Cdc42p signaling because a wealth
of theoretical and experimental data
suggests that such amplification is
central to spontaneous Cdc42p
polarization [8,9].
Addressing the function of the
scaffold Bem1p during symmetry
breaking has been difficult because
Bem1p has multiple protein–protein
interaction domains and a plethora of
interacting partners. By analogy to
other scaffolds, Bem1p could function
by increasing the local concentration
of proteins necessary for symmetry
breaking, or by orienting proteins
properly to facilitate catalysis, or by
allosterically regulating the activity of
a binding partner, as was recently
shown for the mating pheromone
MAP kinase scaffold Ste5p [10].
Kozubowski et al. [1] have now
found that the only essential function
of Bem1p during symmetry breaking
is to bring the Cdc42-activating
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Figure 1. Cell polarity establishment during yeast budding.
(Top) In normal wild-type cells, cortical cues dictate the site where Cdc42p is clustered.
(Middle) In the absence of cortical cues, Cdc42p spontaneously breaks symmetry and polar-
izes at a random site in a Bem1p-dependent manner. (Bottom) In the absence of both cortical
cues and the scaffold protein Bem1p, Cdc42p fails to cluster and cells fail to break symmetry.
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(GEF) Cdc24p and a Cdc42 effector
(p21-activated kinase, PAK) into close
proximity.
Bem1p contains two amino-terminal
Src homology 3 (SH3) domains and
a carboxy-terminal Phox and Bem1
(PB1) domain (Figure 2). The second
SH3 domain and the PB1 domain are
known to be necessary for symmetry
breaking [4]. Bem1p’s PB1 domain
interacts with Cdc24p [11], whereas
the second SH3 domain interacts with
multiple proteins, including effector
PAKs and other polarity regulators.
Kozubowski et al. [1] whittled down
this list through a clever series of
genetic experiments, obtaining
results that strongly implicated PAKs
as the relevant targets of Bem1p’s
second SH3 domain in symmetry
breaking.
To test whether these interactions
(between the second SH3 domain and
PAK, and between the PB1 domain
and the Cdc42p GEF) were sufficient
to explain the role of these domains in
symmetry breaking, the authors took
what could be described as a synthetic
biology approach, using modular
fusion proteins (alternatively, Luddites
might call it a molecular biology
approach). Directly fusing Bem1p to
a PAK (Cla4p) rendered the second
SH3 domain of Bem1p dispensable
for symmetry breaking, whereas fusion
of Bem1p to Cdc24p rendered the
PB1 domain dispensable. Importantly,
mutant versions of Bem1p that cannot
bind either to Cdc24p or to Cla4p
were unable to break symmetry even
when both mutants were expressed
in combination, suggesting that
a single Bem1p molecule must be
able to bind both proteins. These data
strongly suggest that Bem1p’s role in
symmetry breaking is to build a ternary
GEF–Bem1p–PAK complex.
The coup de grace was to make
a shotgun wedding between Cdc24p
and Cla4p; Kozubowski et al. [1]
directly fused these proteins and
found that this fusion protein was able
to completely bypass the requirement
for Bem1p in symmetry breaking.
Thus, Bem1p’s essential function as
a scaffold during symmetry breaking
is to locally concentrate Cdc42p’s
GEF and a PAK in close proximity.
The authors integrate these findings
with prior work to suggest a new
model for the molecular events
underlying spontaneous polarization
of Cdc42p. They suggest that theGEF–Bem1p–PAK complex, via the
Cdc42/Rac-interactive binding (CRIB)
domain of PAK, binds GTP–Cdc42p
generated at low levels at random
locations. This binding activates PAK,
which in turn might activate the GEF.
Local GEF recruitment would increase
GTP-loading of nearby Cdc42p
molecules, providing a mechanism for
positive feedback (Figure 2). One
attractive feature of this model is that
it explains why nucleotide cycling
plays an essential part of signal
amplification and why a ‘GTP-locked’
Cdc42p mutant (which cannot interact
with the GEF) fails to break symmetry
[4]. An unknown factor is the extent
to which this mechanism increases
the amount of GTP–Cdc42p in the
cell, since measuring endogenous
Cdc42p activity in budding yeast has
proven to be a technical challenge.
There are several aspects of these
results that either are surprising or
impact on controversies in the
literature. First, in contrast to the data
presented here, previous studies had
suggested that PAKs were not
essential for polarization [12,13].
Kozubowski et al. [1] argue that
previously studied conditional PAK
alleles did not completely abolish
PAK activity. In support of this
interpretation, they find that several
existing conditional alleles of Cla4p
retain sufficient activity at the
restrictive condition for spontaneous
Cdc42p polarization. Second, although
it is known that Cla4p phosphorylates
Cdc24p [14,15], it has been
controversial whether PAK
phosphorylation positively or
negatively regulates GEF activity. The
results of Kozubowski et al. [1] seem
most neatly to fit a model where PAK
phosphorylation activates Cdc24p;
and it is intriguing that mathematical
modeling predicts that the presence
of a GEF-activating GTPase effector
can dramatically increase the efficiency
of GTPase nucleotide cycling [16].
However, whether Cdc24p is the
relevant PAK target for symmetry
breaking has not been demonstrated;
biochemical studies of Cdc24p
activity are an important missing
piece of this puzzle. Thus, at this point,
the competing model that PAK
phosphorylation dissociates Cdc24p
from the complex, thereby terminating
polarized growth [15], cannot be
excluded.
Is this symmetry-breaking pathway
unique to yeast, or could it representa conserved polarity-generating
module? Obvious Bem1p homologues
are not recognizable in higher
eukaroytes. However, in higher
eukaryotes several Cdc42 GEFs can
directly interact with PAKs via their
SH3 domains. Interestingly, the
authors show that an artificial
GEF–SH3 fusion with a similar
architecture to one of these
mammalian GEFs is able to promote
symmetry breaking in the absence of
Bem1p in yeast. This further
underscores the importance of the
GEF–PAK interactions during
symmetry breaking and raises the
possibility that the core mechanism
involved in yeast symmetry breaking
could be conserved.
If this were the case, why
have yeast evolved an extra
component — the Bem1p scaffold
protein — to bring the GEF and PAK
together? One explanation could be
the need to utilize Cdc42p in multiple
different complexes at different
stages of the cell cycle: Bem1p could
favor the interaction between Cdc42p
and PAK during cell polarization over
other effectors involved in other
processes. Another possibility is that
Bem1p enables additional layers of
regulation of the complex. As hubs
of signaling networks, scaffolds are
ideal targets for regulatory input; for
instance, cyclin–CDK complexes
phosphorylate the mating MAP kinase
scaffold Ste5p to restrict pheromone
sensitivity to G1 phase [17]. Since
cell polarity is tightly coordinated with
the cell cycle in budding yeast, it is
possible that the GEF–Bem1p–PAK
complex is undesirable in stages of
the cell cycle where the actin
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Figure 2. Potential role of the scaffold Bem1p
in Cdc42p signal amplification during cell
polarization.
See text for details. SH3, Src homology 3
domain; CI, Cdc42-interacting domain; PX,
Phox homology domain; PB1, Phox and Bem1
domain; GEF, guanine-nucleotide exchange
factor; PAK, p21-activated kinase.
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as during mitosis [15].
Overall, how similar is symmetry
breaking in different organisms?
Positive feedback seems to be
important in all cases, and small
GTPases as well as lipids are
important regulators [18,19]. GEF–PAK
complexes are observed in many
organisms and, at least in some
cases, these complexes have roles in
polarity regulation [20]. Although the
degree to which these complexes
serve conserved functions remains to
be determined, Kozubowski et al. [1]
have significantly advanced our
understanding of the molecular
mechanism of spontaneous
polarization in one of the most
well-studied model systems. This
should amplify positive feedback
among scientists, providing new
avenues for experimentalists to test
theoretical models.
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The Hawaiian islands comprise the
world’s most remote archipelago, and
provide an interesting ‘natural
laboratory’ for evolution. They are
known to have been naturally colonized
by songbirds only six or seven times
[5,6]. One such colonization event by
a finch-like ancestor initiated the
adaptive radiation of the iconic group
of native Hawaiian songbirds, the
highly diverse Hawaiian
honeycreepers. A different
colonization led to the more modest
radiation of the now extinct Hawaiian
honeyeaters, which included four
species in the genus Moho (Figure 1)
and one species of Chaetoptila, plus
one or two additional species
recovered only from fossil deposits [5].
These Hawaiian honeyeaters were
well known to native Hawaiians — who
called them ‘O’os — and to the early
biologists who worked in the
archipelago [7]. ‘O’o species were
